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SOME AERODYNAMIC CONSIDERATIONS RELATED TO WIND-TUIIIIEL 

MODEL SURFACE DEPINITIOIY 

Blair B.  Gloss 
Langley Research Center 

SUMMARY 

The requirement fo r  h i g h  quality National Transonic Faci l i ty  test 
data and the h i g h  Reynolds number capability of the NTF have caused NASA 
to  re-examine the areas of model fabrication tolerances, model surface 
finish and o r i f i ce  induced pressure error .  The resul ts  of this re- 
examination and planned research programs to  extend the data base are  
sumnarized below. 

Better techniques for  defining transonic 
even though model tolerance requirements shou 
dependent on Reynolds number. 

Current specified model surface finishes 
a s ignif icant  p a r t  of the NTF Reynolds number 
the National Bureau of Standards to validate 

model tolerances are needed 
d not be s ignif icant ly  

appear t o  be compatible w i t h  
range. I t  is planned fo r  
he accuracy of the sty1 us 

profilometer for  surfaces typical of NTF models and develop a l i g h t "  
scattering system to  measure surface finishes on curved surfaces (wing  
leading edge regions). 
of u s i n g  existing data on sand roughened surfaces for  predicting NTF 
model surface requirements. 

NASA tes t s  are planned t o  determine the acceptabili ty 

Available data on or i f ice  induced pressure errors  cover a par t  of 
the NTF Reynolds number range and cover only a small par t  of the range 
of the r a t i o  of o r i f i ce  diameter to boundary layer thickness needed. A 
research program has been in i t ia ted  by NASA t o  extend this data base t o  
higher Reynolds number conditions. 
dis tor t ions must be s t r i c t l y  adhered t o .  

Techniques for  avoiding ori f i  ce edge 

I NT RO DUCT I ON 

Because of the h i g h  Reynolds number capabili ty of the NTF (see 
reference 1) w i t h  the attendant t h i n  boundary layers and the requirement 
for  h i g h  quality t e s t  data, NASA is re-examining the aerodynamic 
considerations related to model surface def ini t ion,  particularly i n  the 
areas of fabrication tolerances, model surface finish and o r i f i ce  induced 
pressure errors.  Model fabrication tolerance requi rements are very 
d i f f i c u l t  t o  determine because of the accuracies needed i n  experimental 
and analytical studies for defining these tolerances a t  transonic speeds; 



f o r  p r a c t i c a l  purposes, t h e r e  a re  no pub l i shed  r e s u l t s  on t h i s  t o p i c .  
C u r r e n t l y ,  t ranson ic  model t o le rances  are  determined by p a s t  exper ience 
and t h e  accuracy of t h e  machines used t o  f a b r i c a t e  t h e  model. S ince t h e  
model to le rances  do a f f e c t  da ta  accuracy and model cos ts ,  i t  i s  d e s i r a b l e  
t o  develop improved techniques f o r  t h e i r  d e f i n i t i o n .  The same care  
shou ld  be exerc ised i n  d e f i n i n g  model f a b r i c a t i o n  t o l e r a n c e s  f o r  any 
t r a n s o n i c  model regard1 ess o f  i t s  p r o j e c t e d  t e s t  Reynol ds number range , 
s ince  model to le rances  shou ld  n o t  be s i g n i f i c a n t l y  dependent on Reynolds 
number. There w i l l  be no f u r t h e r  d i scuss ion  o f  model f a b r i c a t i o n  
to le rances  i n  t h i s  paper. 

The drag es t imates  o f  f u l l - s c a l e  a i r c r a f t  a re  made by  adding t h e  
a i r c r a f t  manufactur ing roughness drag  t o  t h e  w ind- tunne l  model d rag  
measured on a smooth wind- tunnel  model : the re fo re ,  s k i n  f r i c t i o n  penal t i e s  
assoc ia ted  w i t h  t h e  wind- tunnel  model su r face  roughness a re  undes i rab le .  
As t h e  Reynolds number a t  which a model i s  be ing  t e s t e d  inc reases ,  t h e  
model boundary 1 ayer  becomes t h i n n e r  and t h e  admiss ib le  su r face  roughness 
h e i g h t  ( t h e  maximum roughness h e i g h t  which r e s u l t s  i n  no s k i n  f r i c t i o n  
p e n a l t y )  decreases, as shown i n  re fe rences  2 th rough 4. 
inc reased s k i n  f r i c t i o n  can r e s u l t  i n  e a r l y  boundary l a y e r  separa t i on  o r  
erroneous shock l o c a t i o n ;  e i t h e r  of these c o n d i t i o n s  can p o t e n t i a l l y  
produce l a r g e  e r r o r s  i n  l i f t ,  drag, and p i t c h i n g  moment. 

I n  a d d i t i o n ,  

For  some years,  i t  has been r e a l i z e d  t h a t  t h e r e  i s  an o r i f i c e  induced 
pressure  e r r o r  assoc ia ted  w i t h  s t a t i c  p ressure  measurements as d iscussed 
i n  re ferences 5 through 9. However, s ince ,  f o r  t h e  most p a r t ,  t h e  
boundary l a y e r  th i ckness  (d isp lacement  t h i c k n e s s )  i s  l a r g e  compared t o  
t h e  o r i f i c e  diameter f o r  t h e  Reynolds number range of  convent iona l  t unne ls ,  
t h e  s t a t i c  pressure e r r o r  i s  smal l  and i s  u s u a l l y  neg lec ted ,  re ference 9. 
As  Reynolds number inc reases ,  t h e  boundary l a y e r  th i ckness  decreases and 
t h e  boundary l a y e r  th i ckness  can become ve ry  smal l  compared t o  t h e  o r i f i c e  
d iameter ;  thus,  t h e  o r i f i c e  induced pressure  e r r o r  may n o t  be n e g l i g i b l e  
a t  the  h i g h e r  Reynolds numbers. 

Th is  paper w i l l  rev iew t h e  pub l i shed  da ta  t h a t  i s  a p p l i c a b l e  t o  model 
su r face  f i n i s h  and o r i f i c e  induced pressure  e r r o r .  I n  a d d i t i o n ,  p lanned 
and on-going programs w i l l  be desc r ibed  which a re  needed t o  extend t h e  
a v a i l a b l e  da ta  i n t o  areas t h a t  a re  a p p l i c a b l e  f o r  t h e  h i g h  Reynolds number 
t e s t i n g  range o f  the  NTF. 

SYMBOLS 

- 
C mean aerodynamic chord 

l o c a l  s k i n  f r i c t i o n  l o c a l  s k i n  f r i c t i o n  c o e f f i c i e n t ,  
Cf qm 

P 
A C  

measured pressure  - c o r r e c t  p ressure  o r i f i c e  i nduced pressure  e r r o r ,  - -------- 
9, 

d o r i  f i  ce d i  ameter 
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co 
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b u r r  height 

admissible roughness height 

f ree  stream Mach number 

f ree  stream dynamic pressure 

Reynolds number based on mean aerodynamic chord - 
V d 

Reynolds number based on o r i f ice  di ameter - 
vW 

f ree  stream velocity 

VmC 

03 

boundary 1 ayer di spl acement thickness 

m i  cro , one m i  11 i o n t h  

free stream ki nema t i c v i  scos i ty 

D I S CUSS I ON 

Model surface roughness.- I n  most h i g h  Reynolds number transonic t e s t s  
i t  is-desirable t o  chooseGode l  surface roughness t h a t  will n o t  produce a 
measurable aerodynamic e f fec t .  As noted e a r l i e r ,  some of the potential 
areas of surface roughness influence are skin f r i c t ion ,  shock wave location 
and boundary layer separation. Of these three areas, t h i s  paper will focus 
on the effect  of model surface texture on skin f r ic t ion .  The admissible 
roughness height i s  the maximum surface roughness height t h a t  will not 
a f fec t  skin f r ic t ion .  The data in figure 1 show the variation o f  admissible 
roughness height, k a ,  in a zero pressure gradient turbulent boundary layer,  
w i t h  Reynolds number, R - ,  where the mean chord, E, i s  taken as 0.20m 
(0.65 f t ) .  This mean chord i s  representative of a t r anspor t  model sized 
fo r  the NTF. 
number, the Boeing 747 cruise Reynolds number and the maximum Reynolds 
number for  current tunnels. A t  a given Reynolds number, any roughness 
height fa l l ing below the admissible roughness curve i n  figure 1 will produce 
no skin fr ic t ion penalty. The shaded band on f igure 1 i s  the range o f  
typically specified and achievable surface finishes for  current transonic 
models. Since the NTF Reynolds nmbgr range, based on a chord of 0.2Qm 
(0.65 f t ) ,  is  approximately 0.5 x 10 to  95 t o  lo6, the current speci- 
f ied  model surface finishes appear t o  be compatlble w i t h  a s ignif icant  
par t  of the NTF Reynolds number r a n y .  However, as i s  noted on figure 1 ,  
the admissible roughness ciranve i s  f o r  a surfaced w i t h  uniformly djstri-  
butcd three-dimensional particles affixed to  i t ,  and as the photographs 
In figure 2 show, the  surface o f  a typical model does not resmble a dis- 
tr ibuted par t ic le  roughness. Thus ,  an experimental program i s  pls.nned t o  
determine the equivalent distributed par t ic le  roughness for  typical MTF 
mQdel surfaces. In order to carry out this experimental progrsm, a geod 
defini t ion of the topography o f  a typical NTF model surface i s  needed. 

Shown on f igure 1 for reference are the maximum NTF Reynolds 
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The i n s t r u m e n t a t i o n  which i s  a lmost  u n i v e r s a l l y  used t o  measure model 
sur face  roughness i n  model shops i s  t h e  s t y l u s  p r o f i l o m e t e r  t y p e  equipment. 
However, t h e r e  a r e  a t  l e a s t  two p o t e n t i a l  problems assoc ia ted  w i t h  t h e  
s t y l u s  p r o f i l o m e t e r .  F i g u r e  3 d e p i c t s  these two p o t e n t i a l  problem areas, 
roughness slope t o o  s teep and roughness frequency t o o  h igh ;  i t  should be 
noted t h a t  the s t y l u s  r a d i u s  i s  t y p i c a l l y  2.5 microns (100 w in . ) .  S ince 
t h e r e  are  no pub l ished da ta  which v e r i f i e s  t h a t  t h e  s t y l u s  p r o f i l o m e t e r  
a c c u r a t e l y  determines sur face  topography d a t a  on surfaces t y p i c a l  o f  NTF 
models, i t  i s  planned t h a t  t h e  Nat iona l  Bureau o f  Standards (NBS) w i l l  
compare t h e  topography o f  a sur face  t y p i c a l  of NTF models as measured b y  a 
s t y l u s  p r o f i l o m e t e r  and s t e r e o  scanning e l e c t r o n  microscope. I n  a d d i t i o n ,  
t h e  s t y l u s  p r o f i l o m e t e r  has g r e a t  d i f f i c u l t y  measuring s u r f a c e  f i n i s h e s  on 
curved sur faces s i m i l a r  t o  t h e  l e a d i n g  edge r e g i o n o f w i n g s .  The l e a d i n g  
edge r e g i o n  o f  t h e  wing i s  t h e  reg ion ,  of  course, where t h e  boundary l a y e r  
i s  t h i n n e s t  and thus  i s  t h e  r e g i o n  where t h e  l o c a l  s k i n  f r i c t i o n  i s  most 
s e n s i t i v e  t o  sur face roughness. Thus, i t  i s  h i g h l y  d e s i r a b l e  t o  have t h e  
c a p a b i l i t y  o f  measuring s u r f a c e  f i n i s h  over t h e  l e a d i n g  edge. Towards 
t h i s  end t h e  NBS w i l l  develop a l i g h t  s c a t t e r i n g  system t o  measure t h e  
surface f i n i s h  a c c u r a t e l y  on sur faces w i t h  h i g h  c u r v a t u r e .  

-- O r i f i c e  ______ induced pressure e r r o r . -  When t h e  s t a t i c  pressure i'n a f l o w  
f i e l d  i s  measured by a p r e s K Z r f i c e ,  t h e  s t r e a m l i n e  c u r v a t u r e  can change 
i n  t h e  v i c i n i t y  o f  t h e  o r i f i c e  and eddies can be s e t  up i n s i d e  t h e  o r i f i c e  
r e s u l t i n g  i n  the s t a t i c  pressure measurement b e i n g  h i g h e r  than t h e  t r u e  
va lue,  re ferences 5 through 9. I f  t h e  boundary l a y e r  t h i c k n e s s  i s  l a r g e  
compared t o  the o r i f i c e  d iameter ,  t h e  o r i f i c e  induced pressure e r r o r  i s  
smal l  and u s u a l l y  neglected.  However, as t h e  Reynolds number inc reases  and 
t h e  boundary l a y e r  becomes t h i n n e r ,  t h e  boundary l a y e r  t h i c k n e s s  can become 
smal l  compared t o  t h e  o r i f i c e  diameter.  Under these c o n d i t i o n s  t h e  o r i f i c e  
induced pressure e r r o r  may n o t  be n e g l i g i b l e .  An a d d i t i o n a l  o r i f i c e  e r r o r ,  
t h a t  may be s i z a b l e  i n  magnitude, can r e s u l t  f rom o r i f i c e  i m p e r f e c t i o n s .  
A1 though t h e r e  a r e  severa l  types o f  o r i f i c e  i m p e r f e c t i o n  , exper imenta l  d a t a  
( r e f e r e n c e  6 )  e x i s t s  o n l y  f o r  a b u r r  around t h e  o r i f i c e .  
f l o w  separat ion i n  t h e  o r i f i c e  causing a d d i t i o n a l  stream1 i n e  d e f l e c t i o n .  
Some o t h e r  types o f  h o l e  i m p e r f e c t i o n  which can produce pressure  e r r o r  
a r e  out -of - round o r i f i c e s  , p a r t i c l e s  i n  the  o r i f i c e  and t h e  l o n g i t u d i n a l  
a x i s  o f  t h e  o r i f i c e  n o t  normal t o  the  model s u r f a c e  t o  ment ion a few. 

A b u r r  can produce 

F igure  4 presents  a c o m p i l a t i o n  of  exper imenta l  r e s u l t s  f o r  o r i f i c e  
induced pressure e r r o r  o f  " p e r f e c t "  (absence o f  i m p e r f e c t i o n )  o r i f i c e s  
f rom references 5 th rough 7 ( o n l y  t h e  subsonic d a t a  f rom r e f e r e n c e  5 i s  
i n c l u d e d  i n  f i g u r e  4 ) .  I t  i s  shown i n  re fe rence 6 f rom l o c a l  dynamical 
s im i  1 a r i  t y  cons idera t ions ,  t h a t  

I- 

C f  

4 



t h e r e f o r e  , o r i  f i  ce induced .- pressure e r r o r  i s  general  l y  presented  as 

Acp/cf versus Rd 2. The l a r g e s t  values o f  d/6* ( o r i f i c e  diameter/  $f 
boundary l a y e r  th i ckness )  f o r  which t e s t  r e s u l t s  a r e  shown i n  f i g u r e  4 i s  
4.0. Using t h e  da ta  of reference 7, shown i n  f i g u r e  4, t he  v a r i a t i o n  o f  
pressure e r r o r ,  Acp, w i t h  Reynolds number, R-, f o r  t h r e e  o r i f i c e  diameters,  
0.51 mm (0.02 i n ) ,  0.25 mm (0.01 i n )  and 0.15 mm (0.005 i n )  a re  shown i n  
f i g u r e  5 where t h e  l o c a l  s k i n  f r i c t i o n  c o e f f i c i e n t  i s  taken as 0.0022 
and t h e  mean chord, E ,  i s  taken as 0.20 m (0.65 f t ) .  
maximum NTF Reynolds number, Boeing 747 c r u i s e  Reynolds number and t h e  
maximum Reynolds number a v a i l a b l e  i n  c u r r e n t  t unne ls  a r e  shown on 
f i g u r e  5. 
(0.005 i n )  d iameter o r i f i c e  i s  s a t i s f a c t o r y  f o r  t h e  complete range o f  NTF 
Reynolds numbers s ince  t h e  maximum e r r o r  i s  o n l y  0.008; however, a l l  
t h e  data i n  f i g u r e  5 a r e  f o r  d / 6 *  e 4.0, and s i n c e  d/6* f o r  t h e  h i g h  
Reynolds number c o n d i t i o n s  can be o f  t h e  o rde r  o f  100, erroneous conc lus ions  
may be drawn regard ing  t h e  l e v e l  o f  t h e  o r i f i c e  induced pressure  e r r o r  i f  
o n l y  t h i s  da ta  i s  app l ied .  Fur ther ,  j u s t  e x t r a p o l a t i n g  t h e  curves f o r  t h e  
0.51 mm (0.02 i n )  and 0.25 mm (0.01 i n )  d iameter  o r i f i c e s  t o  t h e  h i g h  
Reynolds number r e g i o n  can lead  t o  e r r m e w s  conc lus ions .  There fore ,  a 
t e s t  program i s  underway t o  extend t h e  da ta  shown i n  f i g u r e  5 t o  h i g h e r  
d/B* values and h ighe r  Reynolds numbers. 
f l a t  p l a t e  model t o  be used i n  t h i s  t e s t  program; t h e  i n te rchangeab le  
o r i f i c e s  have diameters o f  3.30 mm (0.13 i n ) ,  6.60 m (0.26 i n )  and 
13.21 mm (0.52 i n ) .  The reference o r i f i c e  d iameter  i s  0.51 mm (0.02 i n ) .  
Only one of t he  in te rchangeab le  o r i f i c e s  w i l l  be i n  t h e  p l a t e  a t  a t ime and 
t h e  un tes ted  o r i f i c e s  w i l l  be rep laced w i t h  p lugs .  Since t h i s  p l a t e  w i l l  
be t e s t e d  i n  t h e  Langley 7- x 10- foo t  wind tunne l  a t  low Reynolds numbers, 
t h e  o r i f i c e s  were sca led  up i n  s i z e  so t h a t  t h e  p roper  
a t t a i n e d ;  t he  complete o r i f i c e  i n c l u d i n g  plumbing was sca led  up f o r  these 
t e s t s .  Local s k i n  f r i c t i o n  and boundary l a y e r  th i ckness  (6*) w i l l  be 
ob ta ined  from a boundary l a y e r  survey. 
d/B* 
o r i f i c e  a t t a i n a b l e  w i t h  t h e  present harsware. A l though t h e  maximum d / b *  
encountered i n  t h e  l e a d i n g  edge r e g i o n  o f  an NTF wing may be i n  excess o f  
100, these da ta  w i l l  extend the  da ta  base f a r  enough t o  a l l o w  judgement on 
whether t h e  data may be e x t r a p o l a t e d  s a f e l y  t o  t h e  d e s i r e d  d/6* values. 
The d/B* range covered i n  t h i s  t e s t  w i l l  be adequate t o  d i r e c t l y  assess 
t h e  o r i f i c e  induced pressure e r r o r  f o r  a l a r g e  m a j o r i t y  of  t h e  o r i f i c e s  
on NTF models. 

Fo r  re fe rence  t h e  

From t h e  data i n  f i g u r e  5 ,  i t  may appear t h a t  a 0.13 mm 

F i g u r e  6 shows a p i c t u r e  o f  t h e  

d/6* c o u l d  be 

F igu re  7 shows t h e  envelope o f  
v a r i a t i o n  w i t h  Reynolds number, R- ,  f o r  a 0.51 mm (0.02 i n )  d iameter 

The ho le  imper fec t i on  data o f  re fe rence  6 o n l y  extend t o  va lues  o f  

Bu r r  h e i g h t s  o f  1 /42  the  o r i f i c e  diameter can inc rease  o f  300. 

d e s i r a b l e  
Reference 
s t e p  c a l l  
o r i f  i c e .  

t h e  ho le  e r r o r  by a f a c t o r  o f  approximately f i v e ,  f i g u r e  8, thus,  i t  i s  
t o  f a b r i c a t e  o r i f i c e s  t h a t  have the  h o l e  i m p e r f e c t i o n s  minimized. 

o r i f i c e s  w i t h  t h e  f i n a l  
ometer i n s p e c t i o n  o f  each 

9 o u t l i n e s  a r o u t i n e  f o r  f a b r i c a t i n g  
ng f o r  c l o s e  v i s u a l  and s t y l u s  p r o f i  
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CONCLUDING REMARKS 

The requirement f o r  h i g h  q u a l i t y  NTF t e s t  da ta  and t h e  h i g h  Reynolds 
number c a p a b i l i t y  o f  t h e  NTF have caused NASA t o  re-examine t h e  areas o f  
model f a b r i c a t i o n  to le rances ,  model su r face  f i n i s h  and o r i f i c e  induced 
pressure  e r r o r .  The r e s u l t s  of t h i s  re -examinat ion  and planned research  
programs t o  extend t h e  da ta  base are  summarized below. 

B e t t e r  techniques f o r  d e f i n i n g  t r a n s o n i c  model t o le rances  a re  needed 
even though model t o l e r a n c e  requi rements shou ld  n o t  be s i g n i f i c a n t l y  
dependent on Reynolds number. 

Cur ren t  s p e c i f i e d  model sur face f i n i s h e s  appear t o  be compat ib le  w i t h  
a s i g n i f i c a n t  p a r t  o f  t h e  NTF Reynolds number range. 
sur face  d e f i n i t i o n  i t  i s  planned f o r  t h e  Na t iona l  Bureau o f  Standards 
t o  v a l i d a t e  the accuracy o f  t h e  s t y l u s  p r o f i l o m e t e r  f o r  sur faces  t y p i c a l  
o f  NTF models and develop a l i g h t  s c a t t e r i n g  system t o  measure su r face  
f i n i s h e s  on curved sur faces  (wing l e a d i n g  edge r e g i o n s ) .  NASA t e s t s  a r e  
planned t o  determine t h e  a c c e p t a b i l i t y  o f  u s i n g  e x i s t i n g  da ta  i n  sand- 
roughened sur faces f o r  p r e d i c t i n g  NTF model su r face  requi rements.  

Wi th  regard  t o  

A v a i l a b l e  da ta  on o r i f i c e  induced pressure  e r r o r s  cover  a p a r t  o f  
t h e  NTF Reynolds number range and cover  o n l y  a smal l  p a r t  o f  t h e  range o f  
t h e  r a t i o  o f  o r i f i c e  d iameter  t o  boundary l a y e r  th i ckness  needed. A NASA 
research program has been i n i t i a t e d  t o  ex tend t h i s  data base t o  h i g h e r  
Reynolds number c o n d i t i o n s .  Techniques f o r  a v o i d i n g  o r i f i c e  edge d i s t o r -  
t i o n s  must be s t r i c t l y  adhered t o .  
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F i g u r e  1.- Admissible  roughness (k,) f o r  t y p i c a l  NTF 
s i z e d  models, 'F = 0.20 m (0.65 f t ) .  

F i g u r e  2 . -  E l e c t r o n  micrographs of t y p i c a l  NTF model s u r f a c e .  
Model s u r f a c e  f i n i s h ,  0.2-0.3 microns (8-12 1-1 i n . )  r m s  
( s t y l u s  measured) .  
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(a) 

F i g u r e  3 . -  P o t e n t i a l  s t y l u s  p r o f i l o m e t e r  problem areas. 
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7) 

F i g u r e  4.- Compi la t ion  of test r e s u l t s  f o r  o r i f i c e  
induced  p r e s s u r e  e r r o r .  
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F i g u r e  5.- O r i f i c e  induced p r e s s u r e  e r r o r .  cf = 0.0022; 
F = 0.20 m (0.65 f t ) .  

F i g u r e  6 . -  Model s e t u p  f o r  o r i f i c e  induced p r e s s u r e  e r r o r  s t u d i e s .  
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Figure 7 . -  Envelope of current pressure error experiment, 
cf = 0.0322, I$,, = 0.85, E = 0 .20  m (0 .65  f t ) ,  
d = 0.508 mm (0.023 i n . ) .  
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Figure 8.- Effect of hole imperfection on orifice induced 
pressure error ( r e f .  6). 
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